Summary The objective of this study was to evaluate the environmental, temporal and genetic stability of the relationships between growth and a selection of tree architectural, leaf and phenological traits (selection based on the conclusions of previous studies carried out on the same experimental trial). Therefore, the growth of two hybrid families, Populus deltoides 'S9-2' · Populus nigra 'Ghoy' (D · N family, 180 F 1 ) and P. deltoides 'S9-2' · Populus trichocarpa 'V24' (D · T family, 182 F 1 ), was investigated during a 3-year period at two sites, i.e., in northern Italy and central France. At the end of the second growing season, all trees were coppiced and the resprouts were thinned to a single stem. At the end of each growing season, stem circumference and height were measured for all F 1 hybrids. The number of sylleptic branches, individual leaf area (LA) and petiole length of the largest leaf along the main stem, production of new leaves, bud flush and bud set were estimated for a selection of genotypes (31 F 1 ) per family at each site during the course of the 3-year experiment. The D · T family was clearly the most productive family and displayed the highest heterosis values. However, there appeared to be a compromise between good growth at a given site and stability between the two different sites, both at family and at genotype levels. Particularly, the less performing trees were stable between Italy and France. Among the studied growth components, the number of sylleptic branches and individual LA of the largest leaf along the main stem were the best growth predictors, irrespective of site and family. Growth strategies in terms of leaf development differed between the two families. Hence, leaf production rate was strongly associated with growth of the D · N family only.
Introduction
The increasing importance of bioenergy in the present geopolitical and environmental context has aroused renewed interest in tree cultivation under short-rotation regimes in Europe. Poplar has been found highly suitable as a resource of bioenergy. Within the Populus genus, a large phenotypic as well as genetic variation in growth performance, canopy architecture and physiology is available , Cervera et al. 2005 . The characteristics of the genotypes that are to be planted are the centre of an everlasting debate. The traits involved in growth at stand, tree, branch or leaf levels are numerous (Ceulemans 1990 ) and need to be organized into a hierarchy according to the degree to which: (i) they are associated with growth and (ii) these relationships are reliable, irrespective of the nature of the plant material and the environmental conditions. Several studies have already investigated the relative contribution of numerous categories of traits to tree productivity. However, the relevance of the observations by comparing different species or hybrids in different environments for a wide set of traits (at the tree, branch and leaf levels) has seldom been evaluated.
Direct indicators of growth, such as tree height and stem diameter, have already demonstrated their efficiency as (early) selection criteria (Kumar and Singh 2001, Marron et al. 2006) and in allometric equations used to indirectly estimate tree biomass or volume (Verwijst and Telenius 1995 , Ketterings et al. 2001 ). In poplar, the values of various physiological and tree architectural traits as predictors of growth have been assessed (Ceulemans 1990, Ceulemans and Isebrands 1996) , but only a few traits appeared to be robust growth predictors. Leaf area (LA), either individual or total, is strongly related to tree growth (Ceulemans 1990 , Barigah et al. 1994 ). Leaves are the major organs where photosynthesis takes place. In poplar, superior performance of the interamerican hybrids is thought to be due to the hybrid vigour observed for individual LA, which could be explained by a combination of larger cell numbers inherited from Populus deltoides Bartr. ex Marsh. and the larger cell size inherited from Populus trichocarpa Torr. & Gray (Ridge et al. 1986 ). Logically, large and heavy leaves need a good support and are, therefore, attached to longer and heavier petioles than smaller leaves (Al Afas et al. 2005 , Niinemets et al. 2006 ). Hence, petiole dimensions, which also influence leaf display, may be used as the criteria for selection of highly productive genotypes.
Canopy architecture plays a crucial role in determining growth performance of tree species used in dense commercial plantations. Sylleptic branches, i.e., branches developed from a bud without undergoing a dormant season (Remphrey and Powell 1985) , are important as they are intimately associated with tree architecture and growth, and because they translocate a larger proportion of carbon to the stem than proleptic branches during the early growing years of poplar trees , ScarasciaMugnozza 1991 . By the third growing season, the relative contribution of sylleptic branches to stem growth can diminish and more stem growth is, in turn, determined by branches at upper crown positions Stettler 1994, 1996) . In short-rotation coppice cultures (SRCs), trees are typically coppiced every 3-5 years and sylleptic branches may preserve their crucial role in stem growth during a longer period as canopies develop repeatedly. The high heritabilities of various canopy architectural components, such as sylleptic branches, show that these traits could be suitable for discriminating the most promising genotypes in terms of vigour (Wu 1994b , Rae et al. 2008 . Phenological traits, such as bud flush and bud set, determine the length of the growing season of deciduous trees. Welltimed bud flush and bud set are essential to avoid unfavourable or hazardous growth conditions during the winter season (Levins 1969) . Nevertheless, genotypes that set bud too early have been shown to be less productive (Li and Adams 1993 , Riemenschneider et al. 1994 .
In indeterminate species such as poplars, increasing night length is considered to be the key factor influencing growth cessation and timing of bud set, although low temperatures are also involved (Junttila 1989 , Howe et al. 1995 . Both adaptive traits, bud flush and bud set, generally display high values of heritability (El-Kassaby and Park 1993 , Farmer 1993 , Li and Wu 1996 .
Most hybrid cultivars used in poplar cultivation in Europe and in North America are derived from crosses between P. deltoides and P. trichocarpa (interamerican hybrids) or Populus nigra L. (euramerican hybrids) for which considerable heterosis has been demonstrated (Dickmann and Stuart 1983 , Cervera et al. 2001 . In this study, two related hybrid poplar families, P. deltoides · P. nigra (180 F 1 ) and P. deltoides · P. trichocarpa (182 F 1 ), were used. Both families were planted in 2003 at two contrasting sites in Europe, i.e., in northern Italy and central France. During the three growing seasons (2003) (2004) (2005) , growth performance , Dillen et al. 2009 ), biomass production ) and several physiological and tree architectural traits , 2009 were assessed. Both families displayed high genetic variation in growth performance and biomass production, but heritability values for the physiological and tree architectural traits varied widely. Only a few traits showed high values of heritability and strong relationships with growth performance and biomass production, irrespective of site and family, suggesting their potential as selection criteria. Based on the conclusions of the previous studies, a set of the most relevant branch, leaf and phenological traits were selected and analysed together. The main objectives of this study were: (i) to investigate the time evolution of growth components in the two hybrid families and (ii) to study the relationship between growth on the one hand and a selection of physiological and tree architectural traits on the other hand (i.e., number of sylleptic branches, maximal individual LA, petiole length (PetLg), production of new leaves (dNL/dt), bud flush and bud set).
Materials and methods

Site descriptions
The two experimental plantations were located in northern Italy (Cavallermaggiore, Po valley, 44°42 0 N and 7°40 0 E) and central France (Ardon, Loire valley, 47°46 0 N and 1°52 0 E). During the three growing seasons (April-October 2003 , the mean temperature was higher at the Italian site than at the French site (during the third growing season, 17.8 and 16.5°C, respectively). Further details concerning location and climate at the two sites can be found in Dillen et al. (2007) .
Plant material and plantation layout
Two full-sib poplar families resulting from controlled crosses sharing the same female parent were investigated in this study. One family consisted of 180 F 1 genotypes from an interspecific cross between P. deltoides 'S9-2' and P. nigra 'Ghoy' (D · N family). The second family included 182 F 1 genotypes from an interspecific cross of P. deltoides 'S9-2' and P. trichocarpa 'V24' (D · T family).
TREE PHYSIOLOGY VOLUME 29, 2009 The field trials were established in April 2003 from 25-cm homogeneous hardwood cuttings with an initial spacing of 0.75 · 2 m. The two experimental plantations were established according to a randomized block design. For each family there were six complete blocks, each block containing one randomly planted replicate of each F 1 genotype and of each of the parents (for more details on plantation layout, see Dillen et al. 2009 ). To estimate the genetic variation for maximal growth potential, the plantation management included irrigation, removal of weeds during the establishment year only and the application of fungicides (Horizon, tebuconazole) and insecticides (Decis, deltamethrine) once a month from July to September. Several trees died during the establishment year, especially at the Italian site, probably due to rooting difficulties . For the parental species, only two replicates of P. nigra 'Ghoy' and no replicate of P. deltoides 'S9-2' survived at the Italian site. All trees were coppiced in December 2004, after the first rotation of two growing seasons. In early spring of the next growing season (2005), the largest shoot of each stump was retained by removing all other shoots.
Traits measured
Phenological traits During autumn 2003 (end of the first growing season) in Italy and spring 2004 (beginning of the second growing season) at both sites, bud set and bud flush were monitored for genotypes for which at least three replicates were available. The terminal bud of the main stem was considered. Observations were made at frequent time intervals (2-3 days) and one score only was used. For bud set: bud closed (i.e., appearance of first bud scales and last leaf partially rolled) or not; for bud flush: bud broken (i.e., buds started breaking and the tip of a reddish shoot appeared; cf. stage 3 in Pellis et al. 2004) or not yet broken. Results were expressed in day of year. In France, bud set was not estimated in 2003 and the beginning of bud flush was missed in 2004 for the D · T family.
Leaf traits Thirty-one genotypes of each family were selected to be representative of the genetic variation in the second-year productivity and biomass production based on circumference measurements. Production rate of new leaves (dNL/dt, day
À1
) was assessed during the first 2 weeks of July 2005. Following this measuring period, the largest leaf on the main stem of the 31 genotypes for each family was cut. Maximal individual leaf area (LA, cm 2 ) was determined using a leaf area meter (CID, type CI-203, Inc., Camas, WA) and petiole length (PetLg, mm) was also measured using a ruler (cf. Marron et al. 2007 ).
Tree dimensions and sylleptic branches Tree growth was determined at both sites for all living replicates of each F 1 and of the parental genotypes. Total stem height (Height) was measured with an extendable height pole with an accuracy of 1 cm. Stem circumference (Circum) was measured at 1 m above ground level to the nearest millimetre using a tape. The number of sylleptic branches per stem (Syllep) was counted. Measurements were made at the end of the first growing season (Circum1, Height1 and Syllep1; , at the end of the second growing season (Circum2 and Height2; Dillen et al. 2009 ) and at the end of the third growing season (Circum3, Height3 and Syllep3).
Data analyses
Statistical analyses were performed using R software (Version 2.6.1, A Language and Environment Copyright, 2007) . Genotypes for which there were less than three surviving replicate trees were removed from all further analyses (i.e., 62 genotypes in Italy and 13 in France for the D · N family, and 12 genotypes in Italy and 4 in France for the D · T family). Assumptions on residual distributions of the linear models were checked using the Shapiro-Wilk statistic. When necessary, original values were transformed according to the Box-Cox procedure (Venables and Ripley 2002) . The following models were used:
(i) For adjustment of individual data to block effects:
where l is the general mean, B i is the effect of block i considered as fixed and e i is the residual error. B i was estimated, for each family and each site, as the difference between the mean of block i and the general mean of the whole experiment. (ii) For comparison between the two families and the two sites: is the genotype effect nested in the family effect (random), S k is the site effect (fixed), Fam l · S k is the family by site interaction effect (fixed) and G j(l) · S k is the genotype by site effect (random).
Differences between means were considered significant when the P value of the ANOVA F test was < 0.05. To characterize genetic variation present in each family separately, the following random models were used:
where G j is the effect of genotype j corrected for the block effect B i and considered as random. Genotypic and residual variance components r 2 G and r 2 e À Á were calculated by equating observed mean squares to expected mean squares and solving the resulting equations (Henderson 1953) . Broad-sense heritability (H 2 ) was estimated at each site and for each family, on an individual basis, Nyquist 1991) . The standard errors of H 2 Individual were calculated as described by Singh et al. (1993) .
(ii) Between the two sites:
where G j is the genotype effect (random), S k is the site effect (random) and (G · S) jk is the genotype by site interaction effect (random). To quantify the relative importance of each effect, variance components, r 2 G , r 2 S , r 2 GÂS and r 2 e , were calculated by equating observed mean squares to expected mean squares and solving the resulting equations (Henderson 1953) . Hence, we calculated the variance accounted for by the sites in this study, although the site effect was further on considered as fixed as a result of their non-random sampling (Wu and Stettler 1997) . Phenotypic variance (r 2 p ) was calculated as r
Heterosis or hybrid vigour was defined as the percentage of superiority of hybrids over the mean of the two parents: [(Mean Family À Mean Parents )/Mean Parents ] · 100 (%; Li and Wu 1997) . Heterosis was not estimated at the Italian site due to the poor survival of the parents at this site. In case of significant G · S effects, the stability of F 1 genotype ranking between sites was evaluated using the Spearman rank coefficient (q) on genotypic means for each family. Spearman rank coefficients were also calculated between years for genotypic means of stem circumference, for both families and sites.
For each family and each site, linear correlations between traits (tree dimensions (Circum3, Height3, Circum2, Height2, Circum1 and Height1), number of sylleptic branches (Syllep1 and Syllep3), maximal individual leaf area (LA), petiole length (PetLg), leaf production rate (dNL/dt), bud flush and bud set) were estimated using Pearson correlation coefficients on a genotypic mean basis. To summarize the variability of both families at the two sites and the relationships between traits, multivariate analyses using principal components analysis (PCA) were performed. The same traits as for the linear correlations were used, except for bud set because it was not estimated in France. The traits were standardized and orthogonal factors (i.e., PC1 and PC2 axes; and also PC2 and PC3 axes) were successively established as linear combinations of these traits to maximize variability explained by these factors. Variables were first represented on the plane defined by the two main factors of the PCA; their coordinates were their linear correlation coefficients (Pearson coefficients) with these factors. PCAs were established for each family and for each site independently.
Multiple linear regressions were performed for each family and each site independently to predict stem circumference at age three through branch, leaf and phenological traits. The mathematical expression of the fitted model was Circum3 = a + bSyllep3 + cLA + dPetLg + edNL/ dt + f Bud flush+ gBud set, where letters a-g indicate the fitted regression coefficients estimated using the least-squares method. One by one, a trait was removed when the t value of the regression analysis was non-significant (P > 0.05 and H 0 = a = b = Á Á Á = 0). The predictor trait with the highest non-significant P value was removed after which the test was repeated. Thus, only those traits contributing significantly to the equation were included in the final equations. For each equation, the adjusted determination coefficient of the multiple regression analysis R 2 Multi À Á was preferred as it is adjusted to the number of observations. Predicted genetic gain from individual direct selection based on genotypic means for stem circumference at age three (Circum3) was derived from a general genetic gain model (Falconer 1989 , Ollivier 2002 
Genotype r pðCircum3Þ , where i represents standardized selection intensity, the broad-sense heritability on a genotype basis
, and the phenotypic standard deviation at genotypic mean level, r p(Circum3) . A 10% selection intensity (i = 1.755) was used in all comparisons. This moderate selection intensity has been chosen as it is comparable to the literature where a 10-20% selection intensity is commonly used in the calculations (Foster 1986 , Wu 1994a , 1994b , Lu et al. 2003 , Pliura et al. 2007 ). For both families, stem circumference has been evidenced as an accurate and reliable indicator of biomass production ). Predicted genetic gain for Circum3 from indirect selection on genotypic means for trait y was calculated as follows (Falconer 1989) : R Circum3/y = r g (r GCircum3 /r Gy )R y/y . To examine how one or more associated traits (Syllep3, LA, PetLg, dNL/dt, bud flush and bud set) could combine with the trait of interest, i.e., Circum3 -to enhance the selection precision of Circum3 -we constructed the following linear equation,
0 is a vector of covariances between the p associated traits and the genetic value being predicted, V À1 p is the matrix of variances and covariances of the p genotypic mean predictors and P is a vector of genotypic means observed for the p associated traits. The G Estimated is a good predictor of the true genetic value (BLUP method, Henderson 1963 
Results
Time evolution of growth and its genetic variation during three growing seasons
In line with the first ) and the second (Dillen et al. 2009 ) growing seasons, highly significant differences (P 0.001) were found for tree dimensions between the two families and between the two sites at the end of the third growing season (Figure 1 ; significance levels not shown). Irrespective of site, the D · T family was the most productive family during the three growing seasons. From the second growing season onwards, both families displayed highest growth performance at the Italian site (Figure 1) . One-year-old shoots were significantly larger at the end of the third growing season (after the harvest) than 1-year-old shoots at the end of the first growing season (Figure 1) . Nevertheless, within each family moderate-to-high Spearman rank coefficients (0.52-0.67) were observed, particularly in France (Figure 2 ). This means that, within both families, the genotype ranking in terms of growth was overall maintained between the first and the third growing seasons.
Heterosis was not calculated at the Italian site due to poor performance and survival of the parents. Evolution of hybrid vigour at the French site during the three growing seasons depended on family (Figure 3 ). For the D · N family, heterosis values for stem circumference and height decreased during each growing season. At the end of the third growing season, mean parental performances were similar to growth performances of the D · N hybrids. Heterosis was considerably larger for the D · T family than for the D · N family during all growing seasons, especially for stem circumference at the end of the third growing season (Figure 3 ). Hybrid vigour for stem circumference and height was highest at the end of the second growing season and lowest at the end of the third growing season for the D · T family. The D · T family showed considerably larger heterosis values for stem circumference than for stem height, while only slight differences were observed for the D · N family. Parental performances might have been affected by the vigorous growth of the hybrids due to competitive interactions. However, no significant difference occurred in terms of growth performance between replicates of P. deltoides 'S9-2' grown among the D · T hybrids and replicates of this female parent grown in the replicate blocks of the D · N family (data not shown), indicating that the larger D · T hybrids did not affect the parental performances to a greater extent than the smaller D · N hybrids.
Individual heritability H 2 Individual À Á for stem circumference and height was generally higher at the French site as compared to the Italian site during the three growing seasons (Figure 4 ). H 2 Individual was highest at the end of the second growing season and lowest at the end of the third growing season, except for stem height of the D · T hybrids. In each growing season, significant genotype · site (G · S) interactions were recorded for the tree dimension traits (data not shown). Despite the significant G · S interactions, the genotype ranking was stable between the Italian and the French sites as shown by the moderate-to-high Spearman rank coefficients during the three growing seasons ( Figure 5 for third-year results). Opposite patterns, however, were are reported for each family and each site. All Spearman coefficients are significant at P 0.001 ( *** ). Means of each parent are indicated as follows: P. nigra 'Ghoy' (black square); P. deltoides 'S9-2' (black/white circle); and P. trichocarpa 'V24' (black triangle).
observed for the two families during the three growing seasons. While the genotype ranking between sites became more stable with time for tree dimensions of the D · N family, the D · T family showed a less stable genotype ranking with time (cf. , Dillen et al. 2009 ).
Relationships between growth and geometric and physiological traits
At the end of the third growing season, strong correlations were observed between tree dimensions, Circum and Height, irrespective of family and site (Table 1) . Both tree dimensions were tightly associated with Syllep, and LA and PetLg -strongly intercorrelated -were both related to tree growth. The relationship between dNL/dt and growth depended on family. Within the D · N family only, dNL/dt was significantly correlated with tree dimensions, irrespective of site and growing season. Especially, dNL/dt and Height were strongly associated. Similarly, and D · T (182 F 1 ; black circles) families. Each point represents the average of a genotype. All trees were coppiced at the end of the second growing season. Corresponding Spearman coefficients (q) are given for each family and site. All Spearman coefficients are significant at P 0.001 ( *** ). Means of each parent are indicated as follows: P. nigra 'Ghoy' (black square) and P. trichocarpa 'V24' (black triangle). Table 1 . Pearson correlation coefficients, calculated from genotypic means, between plant growth, branch, leaf and phenological traits, of the D · N (31 F 1 ; above dashes) and D · T (31 F 1 ; below dashes) families at the Italian (I; normal font) and French (F; bold font) sites. Pearson correlation coefficients were only given when significant; *P 0.05; **P 0.01; and ***P 0.001. Circum1, Circum2 and Circum3 are stem circumferences at the end of the first, second and third growing seasons, respectively; Height1, Height2 and Height3 are stem heights at the end of the first, second and third growing seasons, respectively; Syllep1 and Syllep3 are the number of sylleptic branches at the end of the first and third growing seasons, respectively; LA is the individual leaf area of the largest leaf on the main stem; PetLg is the petiole length of the largest leaf along the main stem; and dNL/dt is leaf production rate at the top of the stem. Bud set was not measured in France (indicated by points).
Circum1
Height1 Syllep1 relationships between phenological traits and growth depended on family and site. While bud flush was associated with growth at the end of the first and the third growing seasons in the D · N family at the French site, bud set was slightly correlated with growth in the D · T family in Italy (Table 1 ). In the D · T family, strong correlations were found between bud set and Syllep1 and Syllep3.
The best prediction equations derived from the multiple linear regression analysis for Circum3 and adjusted determination coefficients R (B and D) sites. PC1 and PC2 are linear combinations of the variables and were constructed to maximize the part of the data variability that they explained. The numbers (in %) above or next to each panel represent the variation explained by the respective principal components. Circum1, Circum2 and Circum3 are stem circumferences at the end of the first, second and third growing seasons, respectively; Height1, Height2 and Height3 are stem heights at the end of the first, second and third growing seasons, respectively; Syllep1 and Syllep3 are the number of sylleptic branches at the end of the first and third growing seasons, respectively; LA is the individual leaf area of the largest leaf on the main stem; PetLg is the petiole length of the largest leaf along the main stem; and dNL/dt is leaf production rate at the top of the stem. Bud set was not included in the PCA analyses. PC3 explained 10.2% and 9.1% of the variability for the D · N family, and 14.8% and 9.9% for the D · T family, in Italy and France, respectively. PC3 (when plotted against PC2) was generally determined by the opposition between bud flush and other traits, depending on family and site (data not shown). For the D · N family, the traits opposed to bud flush were Circum2, Circum3, Syllep1 and Syllep3 in Italy, and Syllep1 and Syllep3 in France. For the D · T family, PC3 was defined by the opposition between bud flush on the one hand, and Circum1, Circum2, Height1 and Height2 on the other hand in Italy.
Evaluation of geometric and physiological traits as potential selection criteria for growth Expected genetic gain for Circum3 could reach up to 26.8% in case of direct selection (Table 2 ). Genetic gain for stem circumference was higher for the D · N family than for the D · T family. In agreement with the results from the multiple regression analyses and PCAs, predictive traits showing highest genetic gain were Height3, Syllep3, dNL/ dt and bud set for the D · N family, and Height3, LA and PetLg for the D · T family. When selection is made at the end of the first growing season (Circum1), the expected selection response for stem circumference at the end of the third growing season (Circum3) ranged from 9.4% to 18.7% (Table 2) . Logically, these values were lower as compared to the expected gain from direct selection; however, the difference was smaller for the D · T family. From the association of traits, a significant gain in precision was obtained for the D · N family in Italy when bud set and bud flush were associated with Circum3, for the D · N family in France when dNL/dt was associated with Circum3 and for the D · T family in France when Syllep3 and LA were associated with Circum3 (Table 2) .
Discussion
Growth and its genetic variation during a 3-year period
The vigorous growth of F 1 hybrids from P. deltoides and P. trichocarpa has been documented in numerous studies Table 2 . Expected selection response (%) for stem circumference at the end of the third growing season (Circum3) when selection is directly made on Circum3 (A) or indirectly on circumference at the end of the first growing season (Circum1) and on height, branch, leaf and phenological traits (B) and heritability ðH 2 Genotype Þ gain of Circum3 when selection is made by associating the previously cited traits (C), for the D · N (31 F 1 ) and D · T (31 F 1 ) families at the Italian and French sites. For the latter, the gain in terms of the number of replicates is given in parentheses. Height1 and Height3 are stem heights at the end of the first and third growing seasons, respectively; Syllep3 is the number of sylleptic branches at the end of the third growing season; LA is the individual leaf area of the largest leaf on the main stem; PetLg is the petiole length of the largest leaf along the main stem; and dNL/dt is the leaf production rate at the top of the stem. Bud set was not measured in France (na). (Heilman et al. 1994 , Scarascia-Mugnozza et al. 1997 , Eckenwalder 2001 . In this intensively managed experiment, the D · T family showed a more vigorous growth, a higher number of sylleptic branches , Dillen et al. 2009 ), a larger individual LA ) and a longer growing season than the D · N family. Besides their high growth performance, the D · T hybrids were also characterized by large heterosis values. This synergism is a well-known phenomenon in Populus thought to be due to a combination of dominance and overdominance effects as well as epistasis (Zsuffa 1975, Lippman and Zamir 2007) and is considered as one of the most effective means to improve productivity in the tree genus. For the D · T family, heterosis of tree dimensions increased from the first to the second growing season, but diminished after the harvest in France. In agreement with this observation, Wu (1996, 1997) found higher heterosis for 2-year-old than for 1-year-old Populus tremuloides Michx. · Populus tremula L. hybrids, suggesting a strong developmental control of heterosis in a given environment. The D · N family, however, displayed a continuous decrease of heterosis values over successive years. Hence, the time evolution of heterosis may depend on site conditions, hybrid, plantation management, level of competition, etc. In this study, heterosis values could have been slightly overestimated, due to competition between parents and F 1 hybrids, which were planted in the same experimental plot. Heterosis was not calculated at the Italian site due to the poor survival of the parental species. Heritability values cannot be extrapolated to different environments or species as they reflect the expression of genetic variability in a given environment for a specific population (Lynch and Walsh 1998) . In practice, heritabilities of comparable traits are often remarkably similar in different populations and even in different species (Visscher et al. 2008) . For example, the heritability of stem circumference and height in poplar is generally high across a wide range of environments, indicating developmental processes that seem to be robust to environmental insults (Bradshaw and Stettler 1995 , Dunlap and Stettler 1998 . Our results are in line with these observations; however, H 2 Individual was generally lower for the D · T family as compared to the D · N family during the three growing seasons which was mainly due to lower genetic variation in the D · T as compared to the D · N family.
Irrespective of site and family, genotypic growth performances were stable for years. Overall, genotypes with a superior performance at the end of the first growth season were also highly performing at the end of the third growth season. Tree dimensions were significantly higher the year after coppice as compared to the establishment year, suggesting that coppicing at the end of the second growing season stimulated growth and that the trees benefited from an already existing root system. The plantation management in this field trial where coppicing was combined with thinning to single stem is not common practice in SRC. The thinning to one single stem could have hidden the ability of the D · N hybrids to produce a higher number of resprouts after coppicing than the D · T hybrids (unpublished results). Under a SRC regime without thinning, the total biomass production of the D · N family in such a system may be increased as compared to our experiment.
Environmental effect on growth during a 3-year period
The sunny climate and the fertile soil characterizing the Italian site resulted in higher productivities at this site as compared to the French one, from the second growing season onwards. The influence of the site conditions on growth gradually increased over successive years, from the first to the second growth growing season (Dillen et al. 2009 ) as well as from the second to the third growth season. Significant but low G · S effects were obtained for tree dimensions of both families during each growing season , Dillen et al. 2009 ). The contribution of the G · S effect to the total phenotypic variation (i.e., r 2 GÂS /r 2 p ) was 50% (or more) of the relative contribution of the genetic effect (i.e., r 2 G /r 2 p ) for the D · T family at the end of the second and the third growing seasons. Hence, G · S interactions may reduce the effectiveness of selection for one given site if most stable D · T genotypes are selected on the basis of both growth performances (Shelbourne 1972 , Pliura et al. 2007 ). If selection is done with performances from one site only, the gain will be optimal for this site. In contrast with the D · T hybrids, stability of D · N genotypes between sites (estimated through Spearman rank coefficients) increased from one growing season to another. There appeared to be a compromise between a vigorous growth performance at a given site and the stability among sites: only the most poorly performing genotypes were stable between the two sites.
Relationships between growth and growth determinants
In line with the first growing season , sylleptic branches were strongly linked with tree dimensions at the end of the third growing season as evidenced by the PCAs and by the significant contribution to stem growth in each regression equation, i.e., for each family and each site. Although the regression equations varied for the two families and the two sites, Syllep3 and LA (or PetLg) significantly contributed to prediction of Circum3, irrespective of family and site. Leaf area (both individual LA and LA index) has been put forward as a robust selection criterion for genotypes with good growth (Bunn et al. 2004 . As LA and PetLg were both strongly associated with growth and with each other, the two leaf traits may be exchanged as predictors of vigorous growth. Leaf production rate (dNL/dt) had a larger influence on Circum3 for the D · N than for the D · T family. The D · N family is characterized by a particular growth strategy characterized by easier and faster renewal (higher dNL/dt) of smaller (lower LA) and less dense leaves than the D · T family ). The latter family promotes the duration of a more limited number of much larger leaves. A common drawback in quantitative genetic studies is often the uncertainty in the representation of the studied hybrid families of the performance of the species rather than the performance of the parental genotypes only. Yet, the difference in canopy development between euramerican (as D · N) and interamerican (as D · T) hybrids has already been reported in various studies (Ridge et al. 1986 , Barigah et al. 1994 , Pellis et al. 2004 , Al Afas et al. 2007 ). Possibly, the more 'flexible' growth strategy of the D · N hybrids (i.e., lower stem growth and faster renewal of small leaves with high leaf nitrogen content) explains the larger stability between the two sites as compared to the D · T hybrids. This confirms that the compromise between growth vigour and stability across sites observed among genotypes may also be applied at family level. Between families a longer growing season was associated with better growth, but among genotypes the relationships between phenological traits and growth were less obvious. Bud set was intimately correlated with Syllep1 and Syllep3, even more than with tree dimensions, for the D · T family.
As evidenced by the PCAs, even relationships between growth and the robust growth determinants differed to a certain degree between environments and genetic backgrounds. The varying relationships combined with the different expression of the studied growth determinants , Dillen et al. 2009 ) are likely involved in the high plasticity of poplar and responsible for the G · S interactions. However, some common trends could be observed at both sites: (i) for both hybrid families, large tree dimensions were associated with large individual LA and high number of sylleptic branches, (ii) for the euramerican hybrids, higher growth performances were also associated with a fast production of new leaves, (iii) on the other hand, for the interamerican hybrids, growth was almost independent of leaf production rate and (iv) relationships between phenology and growth remain unclear.
Breeding applications
In this correlative study, the choice of growth predictors, which had already been individually analysed, was based on their high heritability or strong link with productivity or both. We assessed their value as selection criteria by calculating genetic gain, for direct as well as indirect selection of stem circumference, and gain in precision. Expected genetic gain for Circum3 -as a surrogate of biomass production -was highest in the case of univariable direct selection, up to a 26.8% increase in stem circumference within one generation at a 10% selection intensity. Unlike annual crops, poplar is long lived and a rotation does require 2-4 years before harvest. The understanding of the genetic basis of developmental growth processes and of its time evolution is essential to increase the efficiency of selection in poplar. Logically, genetic gain was lower when increase in Circum3 was aimed at with univariable indirect selection through Circum1. Even if a 3-year period remains short in the general lifespan of a plantation, genotype performances at the end of the establishment year are representative of the performances at the end of the experiment. The number of sylleptic branches was the most robust growth predictor in this study, but leaf traits appeared promising selection criteria depending on the growth strategy of the families. LA (or PetLg) could be a good predictor for the D · T family, which is characterized by long-lasting and large individual leaves, while dNL/dt is a more reliable selection criterion for the D · N family, which is characterized by the fast and easy production of small leaves. The question remains whether the gain in precision (in case of associated traits) or increase in genetic gain (in case of indirect univariable selection) is sufficiently high as compared to direct selection to justify the measurement of these traits.
